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(From  the  Hunterian  Laboratory,  John,  s  Hopl'ins  University,  Baltimore.) 
That  there  is  a  consumption  of  the  dextrose of  the  circulating 
fluid by the isolated and perfused mamnaalian heart was first proved 
by Johannes Miiller  (I),  in  19o3,  and  shortly after him by Locke 
and  Rosenheim  (2),  in  19o4.  Mtiller,  who  was  studying  at  the 
time the source of muscle energy, noticed in  four experiments that 
the perfused heart of the cat caused the disappearance of a  definite 
amount of the dextrose from the perfusion fluid.  He does not state 
in  his  protocols the weights of the hearts  which he  studied,  but  if 
we take  them to  weigh  eighteen grams,  his  experiments  show  an 
average consumption per gram weight of heart muscle per hour of 
1. 3 milligrams of dextrose.  This result is in close accord with that 
obtained  by  Locke  and  Rosenheim,  who  worked  on  the  rabbit's 
heart.  These authors  report an average consumption of  1.4 milli- 
grams  of dextrose per gram weight  per hour.  They allowed  the 
heart to  beat  for  seven to  ten  hours  in  an  apparatus  suited  for  a 
continuous circulation of fluid, and they noticed a  disappearance of 
an amount of dextrose, proportional to the duration of the experi- 
ment.  While  Miiller was  the first  to publish  figures to show that 
the perfused heart possesses the power of consuming dextrose from 
the perfusion fluid, to  Locke and  Rosenheim is  due the credit  for 
demonstrating that  there is  a  definite relation between the  amount 
of sugar consumed and the length of time during which the heart 
is  kept  beating.  In  the  same  research,  these  authors  elicited  the 
fact that the consumption of dextrose is  dependent upon a  certain 
concentration and balance of the calcium and potassium in the per- 
fusion  fluid,  and  they  conclude  that  these  salts,  more  especially 
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calcium,  are  necessary  for the  conversion  of the  chemical  changes 
into mechanical work. 
Shortly after the appearance of Locke and  Rosenheim's work, an 
Italian  observer, Carols  (3), published an extensive research  on the 
dextrose consmnption  by the hearts  of different  species of animals. 
He took the rabbit's heart as a type of the herbivora, and in nineteen 
experiments  he  found a  distinct  consumption during  the activity of 
the  heart,  and  this  consumption,  per  unit  of  mechanical  work,  in- 
creased  with  unit  augmentation  of  load  on  the  heart.  In  carniv- 
orous animals,  however, Camis's  results show no breaking  down of 
the  dextrose  of  the  perfusion  fluid.  In  nine  experiments  on  the 
cat's  heart  he  found  in  only  one  a  slight  diminution  of  dextrose, 
while  eight  showed  that  the  quantity  of  dextrose  had  either  not 
changed,  or had  slightly increased  in amount.  In  the  heart  of the 
fox also he was unable to detect any breaking down of carbohydrate. 
These  results  led  Camis  to  study  the  effect  of  the  contraction 
during  perfusion  on  the  glycogen  content  of  the  heart.  For  this 
purpose he estimated the percentage of glycogen in the hearts of six 
cats which had been isolated in the usual way, but were not allowed 
to beat.  He found the average to be o.338 per cent., while the per- 
centage  of  glycogen  in  nine  hearts  which  had  beat  for  varying 
periods of time was only o.I I5 per cent.  The loss of glycogen was 
presumably that  which had  supplied the  energy  for the heart's  con- 
traction.  Camis  considers  it  a  characteristic  of  the  carnivorous 
heart  to draw upon  its  own resources  of energy,  viz.,  the  glycogen 
of the  heart  muscle,  before using up the  dextrose  of the  perfusion 
fluid.  In  herbivorous  animals,  on  the  contrary,  the  isolated  heart 
draws  first  on  the  dextrose  of  the  perfusion  fluid  before using  up 
its own store of glycogen. 
It will be evident that the experimental  results obtained by Camis 
on the  dextrose consumption  of the cat's heart  stand  in  contrast  to 
those  obtained  by  Miiller.  Carols  finds  no  breaking  down,  while 
Miiller  noted  a  disappearance  of  from  o.o5  to  o.152  milligrams. 
This disagreement in their results on the cat's heart can be explained. 
if Camis's contention is correct, on the assumption that, as the cat is 
no longer a  purely carnivorous animal,  these observers were dealing 
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It seemed to the writer to be of interest to determine whether the 
human  heart  possesses the power of breaking  down  dextrose  when 
artificially perfused. 
In dealing with the isolated human heart,  it is a si~w qua no~ that 
the heart has  stopped beating before it  is connected with  the perfu- 
sion apparatus.  A  variable time must  elapse between the  death  of 
the  patient  and  the commencement  of perfusion.  It  is  conceivable 
that,  in this interval,  changes may have occurred  in the heart  which 
may  disturb  the  metabolism  which  occurs  when  it  is  isolated,  and 
perfusion  is  commenced before it  has  ceased  to  beat.  In  the  case 
here investigated, two and one half hours elapsed between the death 
of the patient and the commencement of perfusion. 
In  order  to  test  whether  there  is  any  material  difference  in  the 
sugar  consumption  by  a  heart  which  has  been  isolated  in  such  a 
manner that it has not, during isolation,  ceased to beat, as compared 
with  one  which  has  been  isolated  several  hours  after  death  of the 
animal,  two  series  of  experiments  were  made.  In  the  first  series 
of seven experiments, the heart of the cat was isolated in such a way 
that  the  perfusion  fluid  was  turned  on  through  a  cannula  inserted 
into the brachiocephalic  artery before the heart  had  ceased to beat. 
The perfusion apparatus  which was used was that devised by Locke 
and Rosenheim.  This consists of an ingenious arrangement whereby 
the oxygen pressure is  utilized  to make  a  continuous  circulation  of 
the  perfusion  fluid.  The  great  advantage  of this  arrangement  lies 
in the  fact that  the heart  can  be kept beating  for many hours  on a 
supply of only 2oo cubic centimeters of Locke's solution.  In deter- 
mining the amount of dextrose in the fluid at the termination  of the 
experiment the method of Benedict was used.  The method consists 
in  the  reduction  of  the  copper  by  dextrose  with  the  subsequent 
formation  of  white  cuprous  sulphocyanide.  The  principle  of  this 
method  is that  a  colorless, insoluble compound of copper is  formed 
instead of the red cuprous oxide of Fehling's method.  The end re- 
action  is  the  disappearance  of  the  blue  color,  leaving  a  colorless 
supernatant fluid and a white precipitate.  In dealing with the dilute 
solutions  which  must  necessarily  be  used  in  the  perfusion  fluids 
used  for the heart,  the writer has  found it  advantageous  to employ 
a  modification  of  their  method  as  recommended  by  Benedict.  A 62  Dextrose  Co~stcm])tion  by  th,~ Isolated Human Heart. 
definite  measured  amount  of  the  fluid  to  be  tested  is  run  into  a 
beaker  containing the copper  solution, the mixture boiled,  and  the 
remaining  copper  which  has  not  been  reduced  is  estimated  by  a 
one-half  per  cent.  solution  of  dextrose.  The  results  of  the  first 
series  of experiments  are  given in the  following table. 
TABLE  I 
=  :2=  I  i  --  ::=:  :  ::  ±2 
L  Duration  "e  r  .  Amount  of  Decrease  of  Weight  of  Consumption  of 
•  a  x  ose o  e  aextrose  aster  aextrose  er  ram  m  hours  .  ~  .  dextrose,  heart.  .  P  g 
perfuslon,  perfuslon  I  we ght  per hour. 
G  ares.  Jra  ,.  Grams.  Grams.  Milligrams. 
July  I  2  2. OOO  I. 906  o. 94  23.5  2. o 
February  2  !  234/  3.000  2.874  o. 126  17.O  2. 7 
"  3  2  2.000  1.936  0.064  19. 5  1.6 
"  5  13/4  2.000  1.946  0.054  I8.5  1.7 
"  I0  3~  2.000  1.9o4  0.096  I6.2  1. 7 
"  IIi  3  2.000  1.96o  0.040  12. 3  I.I 
"  16  i  3  2.000  1.919  o•o81  I3.O  2. I 
,  Average  1.8 
It is  evident  from these  experiments  that  heart  of  the cat causes 
the disappearance  of  a  quantity of  dextrose  from the  nutrient  fluid 
which  is  proportional  to  the  duration  of  the  experiment  and  the 
weight  of  the  heart.  They  show  an  average  consumption  of  1.8 
milligrams  of dextrose  per gram weight  of heart per hour. 
In  the  second  series  of  experiments,  the  animal  was  first  killed 
with  ether  and  two  and  a  half  hours  later  the  heart  was  isolated 
and  perfused  with  sugar-free  Locke's  solution,  until  it  began  to 
beat regularly and the perfusion fluid came through free from blood. 
Thereafter,  a  weighed  amount of  dextrose  was  added  to  the  stock 
solution and circulation  of  the  fluid commenced. 
The  results  of  these experiments  are  given  in  Table  II. 
TABLE  II 
Duration  Amount  f  Amount  of  ~  r  Weight  of i  ]-)ate  L  •  "  x  1  "  ~  ,  .  -  I  JJecrease  o.  ; 
•  ~  in  fie.  t'ose  oelore  I  oextrose  alter  dextrose  I 
hours,  perfusion,  perfusion.  ]  "  .  1,  heart.  , 
Grams.  Grams.  Grams.  !  Grams, 
February 20  2 ~,/ 
"  24  21/44 
"  16[  1~ 
March  I  ~  2 
,,  ;j2 
~  I  21~22 
~  I3  i  I 










[  1.936 






















Consumption  of 
dextrose  per gram 










Average  I. 3 Hugh A.  Stewart.  63 
The  average  consumption  per  gram  weight  of  heart  muscle  per 
hour is  I. 3 milligrams  of dextrose, as compared with  z.8 milligrams 
in the first series.  This slight difference is to be expected since the 
isolated and  perfused heart  is at best a  slowly dying organ,  and  its 
activity  both  metabolic  and  mechanical  must  gradually  wane  the 
longer  it  is  kept  after  the  death  of  the  animal.  The  comparison 
of  the  results  justifies  us,  however,  in  accepting  those  which  are 
to be obtained  from the isolated human heart as a  close approxima- 
tion  to normal. 
PERFUSION  OF  THE  HUMAN  HEART. 
The heart studied was that of a woman 46 years of age, who died 
in the hospital at 8  p.m.  Autopsy was performed at  zo p.  m. and 
the  heart  isolated.  It  weighed  368  grams  and  showed  no  gross 
pathological  changes  except  a  slight  hypertrophy of  the  left ven- 
tricle.  At  zo.24 p.  m.  it was attached to the perfusion apparatus. 
The aorta was previously cut off close to the mouth of the ventricle 
and  a  glass  cannula  inserted  into  either  coronary  artery.  The 
cannulas were connected by means of a  rubber tubing to a Y-shaped 
glass tube,  which in turn was attached to  the  reservoir containing 
the perfusion fluid.  A  sugar-free Locke's solution was  turned on 
under pressure  of 6o  millimeters of mercury.  The  fluid was  run 
to waste until it was  free from a  red tinge. 
The  further course of the  experiment  is  given  in  the  following 
protocol : 
Time.  Rate per minute.  Temperature, 
10.34 p.m.  80  37 ° 
lO.39  p.m.  94  37.1° 
lO.45 p.m.  84  37.1 ° 
lO.3O p.m.  84  37 ° 
IO.59 p.m.  91  37 ° 
11.o5  p.m.  90  37.3 ° 
II.I 5  p.m.  9O  37.5 ° 
II.25  p.m.  88  37.5 ° 
ZI.40  p.m.  87  37.I ° 
Remarks. 
Auricles began to beat; only a  visible 
pulsation  in  the ventricles. 
Contractions  in  the  auricles  and 
ventricles  gaining  in  strength-- 
slight  irregularity  in  rhythm. 
Heart  beating strongly.  Two  grams 
of  dextrose  added  to  stock  solu- 
tion and circulation of fluid begun. 
Heart  beating well. 
Slight  irregularity  in  rhythm. 
Beats  more  regular. 
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Time.  Rate per minute.  Temperature. 
I1.55  p.m.  84  37.2 ° 
I2.o5  a.m.  93  37.  2° 
I2.I5  a.i'n,  96  37.2 ° 
I2.30  a.nl.  89  37 ° 
12.45  a.m,  91  37.1 ° 
I2.48  a.m. 
1.o5  a.m. 
Remarks. 
Contractions  not  so  strong. 
Perfusion  of  sugar  containing  solu- 
tion  stopped  and  fluid  collected. 
Sugar-free  solutions  turned  on. 
Washings  and  stock  solution  mixed. 
Total  amount  1,98o  c.c. 
The analytical  figures  for the estimation  of dextrose in this  solu- 
tion are given below. 
As previously stated, the method adopted was to place in a beaker 
IO cubic centimeters of each of Benedict's solutions, which required 
for reduction o.o73 milligrams of dextrose, and 3o cubic centimeters 
of the  sugar  solution to be tested are then  run  in  and  the  mixture 
boiled.  The  residual  copper  is  estimated  by  titration  with  a  o.5 
per  cent.  dextrose  solution.  For  accurate  results,  it  is  necessary 
to precipitate  the  trace  of  albumin  which  is  always washed  out of 
the heart during perfusion.  This was done by the addition of con- 
centrated  sodium chloride solution acidified with acetic acid. 
First sample. 
Amount  ioo cubic centimeters. 
Volume of  sample  after  addition 
of  NaC1  solution .............  12o  c.c.  12o  c.c. 
No.  of  c.c.  of  o,5  per  cent.  dex- 
trose  solution  required  to  re- 
duce  residual copper. 
First  titration  .................  lO.8  c.c. 
Second  titration  ...............  II.O  c.c. 
Third titration  .................  lO.6  c.c. 
Average  ...................  lO.8  c.c. 
Residual copper .................  ~  0.054  gm.  dextrose 
Copper  reduced  by  3  °  c.c,  of 
diluted  perfusion  fluid  ........  ---=  o.o19  gin.  dextrose 
Amount  of  dextrose  in  12o  c.c. 
of  diluted  fluid ...............  ~  0.076  gin.  dextrose 
Dextrose  in  198o  c.c.  of  un- 
diluted  fluid  .................  ~  1.5o5  gin.  dextrose  ~  1.425  gin. dextrose 
Average  amount  of  dextrose  remaining in  solution  after  2  hours  perfusion 
is  1.465  gin. 
Consumption 0.535 gin. dextrose. 
Per  grain weight per  hour  0,07  rag. 
Second sample. 
Amount ioo cubic centimeters. 
Io.9  c.e. 
I 1.3  c.c. 
lO.8  c.c. 
II.O  c,e. 
o.055  gin. dextrose 
~-o.oi8  gm. dextrose 
z  0.072  gill.  dextrose Hugh  A.  Stewart.  65 
It is evident from this experiment that the human heart,  like that 
of  the  rabbit and cat,  is  capable  of  breaking down  the  dextrose  of 
the perfusion fluid.  It  is  to  be  admitted  that  the heart  here  inves- 
tigated  is  not  a  strictly  normal  one,  since,  as  stated  above,  there 
was  slight hypertrophy of  the  left  ventricle.  On  that  account,  the 
figures  may  vary  considerably  from  those  which  may  be  obtained 
from a  perfectly healthy human  heart.  An  opportunity to  study a 
healthy heart was  eagerly awaited,  but none presented  itself.  The 
fact,  however,  that  a  positive result is obtained from a  heart  which 
was  not  ideally  suited  for  the  purpose  of  investigation is  at  least 
sufficient proof  that  the  human  heart  when  isolated  and  artificially 
perfused possesses the power of  breaking down the  dextrose  of  the 
perfusion fluid. 
APPENDIX. 
Method of Isolating the Heart.--The  animal is  anaesthetized  with  ether  and 
bled from the common carotid artery.  When blood ceases  to  flow, the thorax 
is opened by resection of the ribs near the spine so as to insure a good exposure 
of the  thoracic organs.  _A ligature is slipped  round the  aorta above the origin 
of  the  first  intercostal artery,  the  aorta  is  divided below the  ligature and  the 
left subclavian artery is ligated near the  aorta.  A  cannula is  inserted into the 
brachioeephalic  artery  and  a  sugar-free  Locke's  solution  is  turned  on  while 
the  heart  is  still  beating.  When  the  heart  has  been  washed  out  thoroughly, 
the  ligature  around  the  aorta  is  tightened  and  perfusion  is  thus  conducted 
through  the  coronary  arteries.  If  the  operation  is  carried  out  expeditiously, 
there  is  no  interruption of  the  heart  beat.  The  pericardium is  now  opened, 
the  superior and inferior vena cava and the pulmonary vessels divided and the 
heart  is  transferred  to  a  moist  chamber.  Perfusion  is  carried  on  under  a 
pressure  of  4  °  ram.  of  mercury  and  a  constant  temperature  of  37 °  C.  To 
obtain  a  continuous  circulation  of  fluid,  the  apparatus  used  is,  with  a  few 
minor modifications, that  devised  by  Locke  and  Rosenheim.  After  the  lapse 
of  I5  to  2o  minutes, during which  the  heart  has  been thoroughly washed  out 
of  blood  and  the  perfusion  fluid  comes  through  clear  except  for  a  slight 
opalescence,  a  weighed  quantity of  dextrose  is  added  to  the  stock  perfusion 
fluid so  as  to  give  approximately a  concentration of  from  o.I  to  o.3  per  cent. 
Circulation of the perfusion fluid, which up to this stage has been run to  waste, 
is  established,  and  the  heart  allowed  to  beat  for  several  hours.  At  the 
termination of  the  experiment  the  sugar-containing solution  is  collected  and 
the  heart  is  kept  beating for  IO minutes on  sugar-free  solution so  as  to  wash 
thoroughly the heart  free of  dextrose.  This is added to  the original perfusion 
fluid,  as  are  also  the  washings  by  distilled  water  of  the  apparatus.  For  the 
isolation and perfusion of the human heart,  the  following method was  adopted. 
The  heart  is  first  placed  in  a  basin  of  normal  saline  solution  at  35  °  C.  and 
gently  manipulated under  the  finger  tips  in  order  to  remove  all  blood  clot. 66  Dextrose  Co~sumption  by  the  Isolated  Human Heart. 
This  operation  is  of  considerable  importance,  for  unless  the  blood  clot  is 
thoroughly  removed,  small  particles  will  ultimately  get  into  the  coronary 
arteries  and  interfere  seriously  with  perfusion.  Not  only  has  the  blood  in  the 
coronary  vessels  themselves  to  be  removed  by  gentle  pressure,  but  it  has  also 
to  be  removed  from  the  cavity  of  the  ventricles  and  auricles.  The  latter 
process  is  apt  to  be  tedious  and  unless  great  care  is  exercised  it  may  be  so 
damaged  that  it  may  not  conlmence  to  beat  when  attached  to  the  perfusion 
apparatus.  In  the  preliminary  experiments  on  the  cat's  heart,  it  was  found 
that  the  most  satisfactory  way  of  removing  blood  from  the  ventricles  was  by 
way  of  the aorta  and pulmonary artery.  A  fine blunt-pointed dissecting  forceps 
is  passed  through  the  mouths  of  these  vessels  into  the  cavity  of  the  ventricles, 
the semilunar valves are pressed aside and by the aid of  reflected light the intra- 
ventricular  blood  clot  is  gently  picked  off.  It  is  safer  to  deal  with  the  clot 
in  the  left  auricle  through  the  opening  of  the  inferior  vena cava.  It  is  essen- 
tial  that  no  damage  be  done  to  the  sinus  from  which  the  wave  of  contraction 
takes  its  origin.  When  all  blood  clot  has  been  detached  and  removed,  the 
cardiac  cavities  are  flushed with  normal  saline until the  washings  cease  to  have 
a  red tinge.  The  heart is now attached to the perfusion  apparatus.  The  aorta 
is  cut  close  to  the  mouth  of  the  ventricle  and  a  glass  cannula  is  inserted  into 
each coronary artery.  The eannul~e are connected by rubber tubing to the  ends 
of  a  Y-shaped  glass  tube  which  in  turn  is  attached  to  the  reservoir  containing 
the  perfusion  fluid.  In  dealing  with  the  dead  cat's  heart,  it  was  found  that 
shortly  after  the  perfusion  fluid  is  turned  on,  the  ventricles  go  into  flbrillary 
contraction instead of a  normal rhythm.  This accident can as  a  rule be obviated 
by  using  a  perfusion  fluid  containing a  slightly higher  percentage  of  potassium 
than  is  generally  recommended. 
The  solution  which  we  have  found  most  satisfactory  is  one  containing 
sodium  chloride,  o-9  per  cent.;  calcium  chloride,  o.o24  per  cent.;  potassium 
chloride,  o.o35  per  cent.;  sodium  bicarbonate,  o.o3  per  cent. 
BIBLIOGRAPHY. 
I.  J.  IMfiller,  Studien  fiber  die  Quelle  der  Muskelkraft.  I  Mittheilung:  fiber 
den  Zuckerverbrauch  bei  der  Muskelarbeit,  Zeft.  f.  allg. Physiol.,  19o3, 
iii, 282. 
2.  Locke  and Rosenheim, Contributions to the  Physiology  of  the Isolated  Heart. 
The  Consumption  of  Dextrose  by  Mammalian  Cardiac  Muscle,  Jour.  of 
Physiol.,  19o7,  xxxvi,  205. 
3.  M.  Carols,  Sur  la  consommation  d'hydrates  de  carbon  dans  le  coeur  isol6 
functionnant,  drch.  ital. de  biol., 19o8,  l,  33- 